Abstract: Primary dysmenorrhea (PD), as characterized by painful menstrual cramps without organic causes, is associated with central sensitization and brain function changes. Previous studies showed the integrated role of the default mode network (DMN) in the pain connectome and its key contribution on how an individual perceives and copes with pain disorders. Here, we aimed to investigate whether the cingulum bundle connecting hub regions of the DMN was disrupted in young women with PD. Diffusion tensor imaging was obtained in 41 PD patients and 41 matched healthy controls (HC) during their periovulatory phase. The production of prostaglandins (PGs) was obtained in PD patients during their pain-free and pain phases. As compared with HC, PD patients had similar scores of pain intensity, anxiety, and depression in their pain-free phase. However, altered white matter properties mainly located in the posterior section of the cingulum bundle were observed in PD. Besides PGs being related to menstrual pain, a close relationship was found between the white matter properties of the cingulum bundle during the pain-free phase and the severity of the menstrual pain in PD patients. Our study suggested that PD had trait changes of white matter integrities in the cingulum bundle that persisted beyond the time of menstruation. We inferred that altered anatomical connections may lead to less-flexible communication within the DMN, and/or between the DMN and other Additional Supporting Information may be found in the online version of this article. 
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INTRODUCTION
Primary dysmenorrhea (PD), or menstrual pain in the absence of any discernable macroscopic pelvic pathology, is the most prevalent gynecological disorder in young females. PD has been classified as a member of the central sensitivity syndromes together with several chronic pain conditions, including fibromyalgia [Giamberardino, 2008] , irritable bowel syndrome (IBS) [Altman et al., 2006] , painful bladder syndrome [Chung et al., 2014] , migraine, low back pain, and so forth [Berkley, 2013] . Despite having high prevalence and worsening in the quality of life, PD is disregarded in the pain community [Berkley, 2013; Berkley and McAllister, 2011] , receiving surprisingly slight scientific and clinical attention.
It is well known that the overproduction of uterine prostaglandins (PGs) plays an important role for the pathophysiology of PD. During menstruation, arachidonic acid released from endometrial sloughing is converted to PGs and leukotrienes [Sales and Jabbour, 2003] , and abnormally enhanced release of PGs would induce uterine smooth muscle hypercontractions resulting in ischemia and hypoxia of the uterine muscle, which manifest as severe dysmenorrheic pain [Dawood, 1987] . While studies constructed a bridge between excessive release of PGs in the menstruation phase and dysmenorrheic pain in PD patients, there is mounting evidence that PD patients are hypersensitive to experimental pain not only when they are experiencing menstrual pain, but also during the pain-free phase of the menstrual cycle [Iacovides et al., 2015] . Researchers pointed out that a vicious cycle of painful stimuli caused by uterine cramps may increase nociceptive-related neuronal input in the brain [Iacovides et al., 2015; Li and Hu, 2016] , which was associated with structural changes and functional reorganization in painrelated brain networks [Bajaj et al., 2002] . This could be a viable explanation for the enhanced pain sensitivity even in the phase when PD patients are not experiencing menstrual pain [Iacovides et al., 2013; Vincent et al., 2011] .
Initial neuroimaging studies suggested that the default mode network (DMN)-mainly comprised the posterior cingulate cortex (PCC)/precuneus, medial prefrontal cortex (mPFC), and lateral parietal lobe-was the primary network related to chronic pain [Kucyi and Davis, 2015] . Functional connectivity within the DMN measured by resting-state functional magnetic resonance imaging (MRI) has been associated with individual differences in tendencies to attend to pain [Kucyi et al., 2013] . Kucyi et al. [2014] found the interrelationship between pain rumination and altered PCC-mPFC functional connectivity in chronic pain patients. The cingulum is a complex fiber system and a major constituent of the DMN [Emsell et al., 2013] , which supports the transfer of neural information between the frontal cortex and posterior regions in the DMN [Jones et al., 2013] . Animal models of chronic pain found that the manipulation of the cingulate cortex and/or cingulum bundle could alter brain responses to pain [Donahue et al., 2001; Vaccarino and Melzack, 1989] . Recently, Liu et al. reported that the diffusion properties of white matter skeleton voxels around the cingulum bundle showed significant differences in women with PD as compared between HC [Liu et al., 2016] . Additionally, several studies also reported disrupted DMN connectivity in PD patients as compared with nondysmenorrheic women during menstruation and periovulatory phases [Tu et al., 2009; Wei et al., 2016; Wu et al., 2016] . As pain-related impairments in functional connectivity are closely associated with disruptions in connecting white matter tracts [Mansour et al., 2013] , we hypothesized that long-range association bundles connecting hub regions of the DMN, such as the cingulum bundle, would be disrupted in women with PD.
To test this hypothesis, we collected various pathopsychophysiological data from 41 PD patients and 41 matched healthy controls (HC) during both menstruation and periovulatory phases, including pain intensity, anxiety, depression, and the production of PGs. In addition, diffusion tensor imaging (DTI) data were collected from all subjects during their periovulatory phase, and a tractography atlas-based analysis (TABS) method, which combines spatial normalization of tensor images with a voxel-wise statistical framework for tract-oriented statistics for a single hypothesis test per tract [Goodlett et al., 2009; O'Donnell et al., 2009] , was adopted to investigate microstructural properties of the cingulum bundle. The interrelationships among the severity of menstrual pain, the production of PGs, and the microstructural properties of the cingulum bundle were investigated using partial correlation analysis.
MATERIALS AND METHODS
All research procedures were approved by the Institutional Review Board of the First Affiliated Hospital of the Medical College in Xi'an Jiaotong University and were conducted in accordance with the Declaration of Helsinki. All subjects gave written, informed consent after the experimental procedures had been fully explained.
Participants
Inclusion criteria for the PD patient group were as follows: (1) according to the American College of Obstetricians and Gynecologists; (2) lower abdominal pain during menstruation that interfered with daily activities but without any underlying pathological abnormality within or outside the uterus; (3) regular menstrual cycle between 27 and 32 days; and (4) average cramping pain level in the past 6 months rated 4 (0 5 not at all, 10 5 the worst imaginable pain). PD patients were screened and diagnosed by a gynecologist at the Department of Obstetrics and Gynecology, First Affiliated Hospital of the Medical College of Xi'an Jiaotong University. Inclusion criteria for healthy controls (HC) were (1) regular menstrual cycle between 27 and 32 days and (2) without menstrual pain (pain with menstruation 2 on a visual analogue scale (VAS)).
Exclusion criteria for all participants were as follows: (1) MRI scanning of the pelvis revealed organic pelvic diseases; (2) using oral contraceptives, hormonal supplements, Chinese herbal medicine, or any central-acting medication (e.g., opioids, antiepileptics) within the past 6 months; (3) any physical illness such as a brain tumor, hepatitis, or epilepsy as assessed according to clinical evaluations and medical records; (4) existence of other comorbid chronic pain conditions (e.g.: tension type headache, fibromyalgia, etc.); (5) existence of a neurological disease or psychiatric disorder; (6) immediate plans for pregnancy or a positive pregnancy test; (7) history of childbirth; and (8) any contraindications to MRI.
Forty-one right-handed dysmenorrhea subjects and forty-one, education-and age-matched, healthy, righthanded female HC were recruited. All participants were college students. Urine kits for luteinizing hormone were used to verify that the participants were in their periovulatory phase.
Psychological Assessment
Self-rating anxiety scale (SAS) and self-rating distress scale (SDS) were administered before MRI scanning to evaluate the subject's anxiety and depression levels. The VAS was performed in the PD and HC group during their periovulatory and menstruation phase to assess their current experience of menstrual pain.
Prostaglandin Measurement
Serum was extracted during the subjects' periovulatory and menstruation phases. The total serum concentrations were assayed using a radioimmunoassay technique for prostaglandin F 2a (PGF 2a ).
Imaging Acquisition
The scanning was carried out in a 3.0 T Signa GE scanner with an 8-channel phase array head coil. For each subject, a high-resolution structural image was acquired by using a three-dimensional MRI sequence with a voxel size of 1 3 1 3 1 mm using an axial Fast Spoiled Gradient Recalled sequence (FSGR) with the following parameters: repetition time (TR) 5 4.0 ms; echo time (TE) 53.3 ms; data matrix 5 256 3 256; field of view (FOV) 5 240 3 240 mm.
DTI was obtained with a single-shot echo-planar imaging sequence. The diffusion sensitizing gradients were applied along two repeats of 30 noncollinear directions (b 5 1000 s/mm 2 ) with five repeats of the b0 (no diffusion weighted image) with a voxel size of 2 3 2 3 2 mm (TR 5 9.4 s; TE 5 84 ms).
Data Preprocessing
The diffusion-weighted imaging data were corrected for motion, current distortions, and echo planar imaging distortion by using a freely available dMRI analysis software package ExploreDTI (www.exploredti.com) [Leemans et al., 2009] . The diffusion tensor and FA were calculated in native space.
The TABS Method
Automated TABS of diffusion MRI along with white matter fiber tracts is an important method to detect tract integrity and altered microstructural properties of cerebral white matter [Chen et al., 2015; Geng et al., 2012; Goodlett et al., 2009; O'Donnell et al., 2009] . The main contents of TABS are spatial normalization of tensor images (Fig. 1a ,b) (this was performed by using the FMRIB Software Library v5.0, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) and quantitative tract analysis (Fig. 1c,d ). Within its framework, the diffusion properties, such as FA, mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD), along fiber tracts are modeled as multivariate functions of arc length (Fig. 1e,f) [Goodlett et al., 2009] .
The variance in diffusion tensor measured collectively may help to better understand how diffusion tensor is changing (e.g., axonal damage and myelination) and provide more specific biomarkers of white matter neuropathology [Alexander et al., 2007] . In more detail, FA decreased due to loss of coherence in the preferred direction of movement, and MD was higher as a result of increased free diffusion [Thomason and Thompson, 2011] . FA and MD are highly sensitive, but less specific to white matter changes. To yield a more comprehensive picture of different elements of white matter microstructure, AD and RD should be used for a conjoint analysis [Alexander et al., 2007] . It was demonstrated that AD could be a more specific marker for axonal change, while RD implicates the nature of myelin [Song et al., 2003] . The statistical analysis of these diffusion measurements using TABS is described as follows.
Construction of a Population Atlas (PA)
To provide spatial normalization for the analysis of diffusion values at corresponding locations, a population r Liu et al. r r 4432 r specific DTI template was created and the fiber tract analyses were employed in this PA space. Van Hecke et al. [2008] introduced a population-based registration strategy that all subject data were iteratively aligned to each other to obtain the minimum mean deformation fields of each subject image to all other images. This strategy could obtain optimal spatial alignment results and the final diffusion tensor template had a higher accuracy and precision than the subject-based template method [Van Hecke et al., 2008] . In this study, we followed a similar registration strategy in Van Hecke et al. 's [2008] study. Specifically, (1) the FA images of each subject were nonlinearly transformed to the MNI template, and the deformation fields (u 1 . . .u N ) were obtained; (2) FA images in MNI space were iteratively aligned to each other to obtain minimal mean deformation fields of each subject image for all other images. The average deformation fields of each subject (/ 1 . . ./ N ) were defined as the mean transformation to all other images [Van Hecke et al., 2008] ; (3) the consecutive application of the deformation fields u i and / i was constructed and noted as u i o/ i . The multicomponent DT images of each subject in native space were transformed with one deformation field (u i o/ i ) to the final PA space. Tensor reorientation was performed to rearrange the tensors with the direction information [Alexander et al., 2001] ; and (4) finally, the recalculated DWIs were averaged to compose the PA (Fig. 1b) . Notice that, only one tensor reorientation and one interpolation step were performed in Van Hecke et al. 's [2008] method.
Whole-Brain Tractography
Fiber tracking was performed in the PA using a streamline tractography approach [Mori and van Zijl, 2002] (Fig.  1c) . Tracking was initiated in every voxel and continued with a step size of 1 mm until one of the following thresholds was exceeded: fiber orientation distribution > 158, angle > 458, minimum length <20 mm, and maximum length >300 mm. A conservative spherical harmonic order, L max 5 6, was used to prevent overfitting due to noise [Emsell et al., 2013] . The pipeline of the tract-based analysis using predefined tracts. With our TABS, we built a population-specific diffusion tensor template and sensitively investigated the microstructural properties along the region of interest fibers to determine more characteristics. To provide spatial normalization for the analysis of diffusion values at corresponding locations, the tensor properties in the subjects' native space (a) were integrated to create a population-specific tensor template (b). Based on the whole-brain tractography maps in the population space (c), the tract of interest was selected and converted into a continuous function (d). Fibers in the population space were warped back into the individual's native space (e) to collect the diffusion measure (f). [Color figure can be viewed at wileyonlinelibrary.com]
Tract Selection in PA Space
Regions of interest (ROIs) were delineated from the whole-brain tractography maps (Fig. 1c) , and ROIs for tract selection and exclusion were placed manually in the PA. Based on expert neuroanatomical knowledge of known pathways derived from classical anatomical descriptions, a single-rater defined the ROIs that were tailored to the PA. High intra-and inter-rater reliability of segmenting fiber bundles using this approach has been successfully applied previously to improve tract delineation [Kristo et al., 2013; Reijmer et al., 2015; Tu et al., 2009] . In this study, the cingulum bundle was selected for TABS. The cingulum was divided into anterior dorsal, posterior dorsal, and parahippocampal sections.
Modeling of Fiber Tract Properties
To place coordinates on all fibers in a bundle, a prototype fiber was employed as a representative fiber that could propagate its coordinates to all other fibers within this bundle [O'Donnell et al., 2009] . Here, the prototype fiber was chosen as the fiber with the greatest length weighted according to the local fiber density which was proposed in O'Donnell et al. [2009] . The local density of a voxel was calculated as the number of tractography trajectories passing through that particular voxel, which could assess the degree of intersection of structural connectivity of a voxel in a fiber bundle. The fiber density was then integrated along each fiber (Fig. 1d) .
To further characterize diffusion properties of the prototype fiber in PA space in the context of geometric models of fiber bundles, continuous function of the arc length was used to model the data within the prototype fiber [Goodlett et al., 2009] . In this study, the prototype fiber was generated for different ROIs respectively with discretizations of 2 mm. To transform the arc length coordinates defined by the prototype fiber to all other fibers, the optimal point match method was performed to solve a point correspondence to the matching problem [O'Donnell et al., 2009] (Fig. 1d) .
Tractography in Native Space
After arc length correspondences were calculated, the ROI fibers in PA space were warped back into the individual's native space to collect the diffusion measures (Fig.  1e) . Measurements from all subjects in the group are displayed in Figure 1f .
Statistical Analysis
The between-group differences in the subjects' basic information (age, years of education, and VAS scores during the menstruation phase) were tested using a twosample t test. False discovery rate (FDR) was performed to account for multiple comparisons.
The between-group differences in the subjects' diffusion properties were tested using the permutation-based nonparametric inferences (5,000 random permutations). The threshold for the statistical significance was set as P < 0.01, using threshold-free cluster enhancement (TFCE) with a family-wise error (FWE) correction for multiple comparison corrections (5,000 permutations).
To investigate the relationship among the production of PGs, patients' diffusion properties during the periovulatory phase, and the VAS scores during the menstruation phase, a partial correlation analysis was performed. TFCE with the FWE correction was performed to account for multiple comparisons.
RESULTS

Clinical and Demographic Characteristics
In this study, there was no significant difference between PD and HC groups with regard to age, years of education, average days of one menstrual cycle, or age at menarche (P > 0.05, Table I ). All PD patients in our study had a long history of menstrual pain (mean 6 se 5 10.49 6 1.1 years), with duration of pain 1-3 days in one menstrual cycle (mean 6 se 5 1.9 6 0.38 days). During the periovulatory phase, all PD patients had similar scores of PGF 2a , VAS, SAS, and SDS, as compared with the HC (P > 0.05, FDR corrected, Table I ). During the menstruation phase, PD patients had a significantly higher level of PGF 2a and a higher VAS score (P < 0.05, FDR corrected) than HC, but no significant difference between the two groups was found in SAS and SDS (P > 0.05, FDR corrected, Table I ).
Differences in Tract Diffusivity Measures in the Cingulum Bundle
Before the fiber tract analysis in this study, tract-based spatial statistical (TBSS) analysis for exploring regions with altered diffusion metrics without a hypothesis of an affected location was used (Supporting Information). In our findings, women with PD exhibited significantly lower FA values in the superior and posterior part of the corona radiata as compared with the HC (P < 0.05, FWE corrected, Supporting Information, Fig. S1 ). No significant betweengroup differences were found in MD, RD, and AD for the whole-brain analysis.
The cingulum bundle was constructed on the PA (Figs. 2  and 3) . The diffusion values of these tracts were sampled along the template-normalized arc length for each individual in the study for FA, MD, RD, and AD. As compared with HC, we found the cluster of the significant between-group differences was located in the dorsal-posterior cingulum in PD patients, with decreased FA (Fig. 4a) , increased MD (Fig. 4b) , decreased AD (Fig. 4c) , and increased RD ( For the parahippocampal section of the cingulum bundle in PD patients, it exhibited altered diffusion properties with decreased FA (Fig. 5a ), increased MD (Fig. 5b) , and increased RD than HC (Fig. 5c ) (P < 0.01, FWE corrected). These altered diffusion properties converged in the posterior cingulate cortex, suggesting that the axons or dendritic arborizations were loosely packed (high MD) and lacked directional coherence (low FA) [Ellingson et al., 2013] , indicating a reduction in projections and density of neural fibers.
As shown in Figures 6a and 7a , the overlap of the altered diffusion properties of the cingulum bundle was located in the posterior section.
Correlation Analysis Among Diffusion Properties During Periovulation, PGF 2a , and VAS During the Menstruation Phase
A significant correlation between the degree of dysmenorrheic severity and PGF 2a production was found in PD patients during the menstruation phase (r 5 0.56, P 5 0.005). In addition, significant correlations were observed between diffusion properties in the cingulum bundle during the periovulatory phase and the severity of menstrual pain during the menstrual period in PD patients (Figs. 6b and 7b; P < 0.05, FWE corrected). A negative correlation was observed between VAS score and AD in the dorsal-posterior cingulum (Fig. 6b) , and a significantly positive correlation was observed between VAS score with MD in the parahippocampal section (Fig. 7b ). More importantly, even when controlling for the level of PGF 2a , a significant correlation was still found. It should be noted that no significant correlation was observed between diffusion properties in the cingulum bundle and PGF 2a production. All correlation results suggested that, independent of the production of PGs, the altered white matter tract integrity of the cingulum bundle had an important influence on the intensity of pain perception for PD patients during their pain phase.
DISCUSSION
In this study, we investigated the alteration of diffusion properties along the cingulum bundle in PD patients relative to healthy controls during their periovulatory phase. Our primary findings demonstrated that long-term cyclic dysmenorrhea was associated with the white matter properties of the cingulum bundle in PD patients even in the pain-free phase. It was important to note that PD patients who had more severe alteration of white matter integrity in their pain-free phase were more vulnerable to perceive higher intensity of menstrual pain. Our findings suggested that the abnormal white matter integrity of the cingulum bundle in PD patients may underpin the central susceptibility to dysmenorrheic pain. The comparisons of subjects' basic information were performed between PDM and HC groups using two-sample t test. P < 0.05 was considered significant. False discovery rate (FDR) was used to correct for multiple comparisons.
Altered White Matter Integrity in PD Patients
In our study, the most prominent microstructural findings differentiating patients with PD from HC were observed in the posterior section of the cingulum bundle. The posterior cingulate cortex, as the rear part of the cingulate cortex and the upper part of the limbic lobe, has been shown to have abnormal brain metabolism in PD patients [Tu et al., 2009] . For patients with PD, peripheral nociception during the menstrual cycle is magnified, which causes hyperexcitability in the somato-visceral spinal pathways causing heightened pain perception [Bajaj et al., 2002; Granot et al., 2001] . On the basis of tracttracing and cytoarchitectonic studies of the macaque brain [Shipp et al., 2013] , it was proposed that the human brain contained an interoceptive system and the cingulate cortex was an important node in this brain circuit [Barrett and Simmons, 2015] . Similar white matter changes, specifically lower FA in the posterior cingulate cortex, have been observed in other recurrent experiences in abdominal pain conditions, including IBS [Ellingson et al., 2013] . This finding was consistent with our results and indicated that patients with chronically recurring visceral pain had altered white matter integrity in the brain.
Previously, several studies reported abnormal brain function of the DMN in PD patients throughout the menstrual cycle. For example, Wu et al. [2016] reported the reduction of local functional connectivities in the DMN in PD patients during the periovulatory phase; during this pain-free phase, decreased functional connectivity between the posterior cingulate cortex and periaqueductal gray was also found in PD patients [Wei et al., 2016] . These findings may implicate maladaptive neuroplasticity of the endogenous pain control systems in PDM [Wei et al., 2016] . Considering that white matter integrity in the cingulum bundle reflects the anatomical connections for functional connectivity in the DMN [Hirsiger et al., 2016] , altered diffusion properties in the cingulum bundle may be related to the dysfunctional connection within the DMN, and/or between the DMN and other pain modulation systems. Hence, our findings appeared to be consistent with the dysregulated functional connection associated with communication between the DMN and antinociceptive system in PD patients. The altered white matter properties related to the DMN during the periovulatory phase could also explain why heightened sensitivity to experimental pain existed in women with PD during nonpainful phases. Our results extended previous findings of alterations in the brain function in the DMN in PD patients [Tu et al., 2010] by showing impaired white matter properties of the cingulum bundle beyond the time of menstruation. In our results, the white matter properties of the cingulum bundle during the periovulatory phase were significantly correlated with the intensity of menstrual pain as rated by patients during the subsequent menstrual period. As we know, one of the main factors responsible for the pathogenesis of PD is the overproduction of uterine PGs [Dawood, 2006] which are controlled by both estrogen and progesterone [Alam et al., 1976; Castracane and Jordan, 1975] . Animal studies demonstrated that estrogen and progesterone could stimulate neurite outgrowth, synapse number, dendritic [Cooke and Woolley, 2005; S a et al., 2009] , forming the basis of white matter connectivity in the central nervous system [Peper et al., 2011] . Hence, there is a possibility that abnormal production of uterine PGs may be directly or indirectly involved in the mechanisms of altered white matter integrity in our study. However, in our results, we did not find any significant correlation between PGs production and diffusion properties along the cingulum bundle. This finding suggested that the underlying PGs production differed in PD patients and may not contribute to the plastic changes in the cingulum bundle.
Growing evidence reported the amplification of the peripheral nociceptive message generated by the Between-group differences of diffusion properties along the parahippocampal section. As compared with the HC group, PD patients had altered white matter mainly located in the posterior cingulum in PD patients (P < 0.01, FWE corrected) with (a) decreased fractional anisotropy (FA), (b) increased mean diffusivity (MD), and (c) increased radial diffusivity (RD). [Color figure can be viewed at wileyonlinelibrary.com]
Figure 6.
Altered diffusion measures of the dorsal part of the cingulum bundle were overlapped in PD patients (a). After controlling for the amount of prostaglandin F 2a production, the correlation between diffusion properties in the cingulum bundle during the periovulatory phase and the severity of menstrual pain during the menstrual period in PD patients was performed (b). A negative correlation between VAS scores and the AD in the dorsal-posterior cingulum was found (P < 0.05, FWE corrected). [Color figure can be viewed at wileyonlinelibrary.com] Altered diffusion measures of the parahippocampal section were overlapped in PD patients (a). After controlling the amount of prostaglandin F 2a production, a correlation between diffusion properties in the cingulum bundle during the periovulatory phase and the severity of menstrual pain during the menstrual period in PD patients were performed (b). A positive correlation between VAS scores and MD in the parahippocampal section was found (P < 0.05, FWE corrected). [Color figure can be viewed at wileyonlinelibrary.com] reproductive organs in women with dysmenorrhea, thus causing an increased excitability of somatovisceral convergent neurons in the spinal cord subcortical areas and cortical areas and ultimately increased pain perception and altered pain modulation [Bajaj et al., 2002; Granot et al., 2001] . It is conceivable that the altered white matter integrity of the cingulum may be due to the increased viscerosensory input from the periphery into the central nervous system. Notably, in our findings, enhanced release of PGs was closely related to the severity of menstrual pain. When controlling for PG production, significant correlations between white matter properties and the severity of ongoing menstrual pain still remain. This relationship indicated that recurrent experience of dysmenorrheic pain into the central nervous system may result in white matter modifications, thus causing increased pain perception. Our findings provided important and novel insights into the diffusion properties along the cingulum bundle and its association with dysmenorrheic pain in PD patients. Glahn et al. [2010] provided direct evidence that connectivity within the default mode network was influenced by genetic factors, and studies also pointed out that whitematter tract microstructure was heritable [Chiang et al., 2009; Kochunov et al., 2009] . Given that genetic factors have a significant etiological contribution to both chronic pain conditions and experimentally-induced pain [Kato et al., 2006; Norbury et al., 2007; Williams et al., 2012] , the possibility also exists that altered white matter in the cingulum bundle may predate the development of PD. One theory stated that different subjects were prone to developing chronic pain due to genetic and development forces and these predisposing factors may be captured by the limbic brain anatomy and physiology [Baliki and Apkarian, 2015] . Studies in the future need to focus on teenagers with primary dysmenorrhea following menarche or in those that are predisposed to developing dysmenorrhea to identify the origin of the inherent sensitivity to pain prior to developing primary dysmenorrhea.
The High Comorbidity in Later Life of PD Patients With Many Functional Pain Disorders
Recently, as increased sensitivity to experimental pain was a potential marker for transformation to a chronic pain state [Carli et al., 2002; Hu and Iannetti, 2016; Staud et al., 2003] , several researchers pointed out that dysmenorrhea may predispose women to a chronic pain state [Tu et al., 2013; Wei et al., 2016] . Indeed, there is a high comorbidity in later life for PD with many functional pain disorders and chronic pain conditions, such as chronic pelvic pain conditions [Baranowski et al., 2012] , IBS [Olafsdottir et al., 2012] , and many others [Berkley, 2013] . As these disorders are predominant in females [Mogil, 2012] , abnormal pain perception in young PD women may account for this phenomenon. Kucyi and Davis [2015] have recently introduced the concept of a dynamic pain connectome in the brain, where the spatiotemporal signature of brain network communication represents the integration of all cognitive, affective, and sensorimotor aspects of pain. They pointed out that the DMN may act as an "exchange hinge" for pain perception and modulation, and is a crucial component of the pain connectome that plays an important role in the individual's ongoing dynamics of pain [Kucyi et al., 2014; Loggia et al., 2013] . In our findings, the altered white matter integrity of the cingulum bundle may lead to abnormal information transformation within the DMN, which may be closely associated with the intensity of dysmenorrheic pain from one visceral domain. It is conceivable that these changes, appear to be related to spontaneous communication within the pain connectome, which may also be amplified by the nociceptive input from the second visceral location [Brumovsky and Gebhart, 2010] , and may make young PD patients vulnerable to other functional pain disorders later on in life.
